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Abstract

An arrayof electrode®nwhichcellscouldbegrown directlywasfabricatedisingsiliconanisotropietchingandathick-photoresisprocess
andemployedfor thedetectionof nitric oxide (NO) releasedrom a populationof adherentlygrowing humanumbilical vein endotheliakells
(HUVEC). Theelectrodesretip-shapedandare40 um high of which only thetop 15 um areexposedPt-tips.After electrochemicahduced
modificationof the exposedPt tips using Ni phthaloganinethe individual addressablelectrodetips were sensitve and selectve for the
detectionof NO at an appliedconstantpotentialof 750mV. The silicon nitride insulationof the lower part of thetip electrodegrevented
the deathof the cells uponthe applicationof the working potentialat which NO wasdetectedIt alsohelpedto avoid the perturbationof
theintegrity of the sensingchemistryimpartedon the electrodesurfacethat could have resultedfrom the contactof the adherentlygrowing
cellswith the active electrodesurface. The releaseof nitric oxide from HUVEC was successfullymonitoredwith differentnumbersof tip

electrodesimultaneouslygonnectecascombinedworking electrode.
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1. Intr oduction

Electrochemicatechniqueshave beenidentified as the
methodsof choicefor the detectionand quantificationof
redox active biological speciesbecausenf their simplicity,
high sensitvity, high speedand selectvity (Ciszevski and
Milczareck, 2004; Xian et al., 1999, 2000; Wightmanand
Michael,1999;Ravehetal.,1997;Taha,2004. However, the
succes®f suchdetectionsdependdo a large extenton the
electrodesemployed. Thusthe processof electrodedesign,
fabrication electrodesurfacemodificationwith electroactre
catalysts,where applicable(Durst et al., 1997; Elliot and
Murray, 1976;KissingerandHeineman 1996;Bard, 1983;
Brett and Brett, 1980, and the geometryof the electrode,

* Corresponding@uthor Tel.: +492343226200;fax: +492343214683.
E-mail address:wolfgang.schuhmann@rude (W. Schuhmann).

play significantrolesin determiningthe magnitudeof the
currentsignalsobtainabl€rom a particularredoxactive bio-
logical specieskor example cylindrical electrodegPrivat et
al., 1997;Malinski andTaha,1992;Bediouietal., 1996 are
morecommonlyusedor thedetectiorof specie$n biological
mediumbecausef thelargersurfaceareaandconsequently
thehighercurrentsignalobtainecascomparedo disc-shaped
electrodes.

Array of electrodesrepatrticularlyinterestingfor thede-
tectionandanalysisof specie®f biologicalinteresinotonly
becausehe current signalsobtainedare additive (i.e. the
overall signalis a sumof theindividual currentsignalsfrom
eachelectroddn thearray)therebyincreasinghe sensitvity
(FletcherandHorne, 1999, but alsousefulin casesvherethe
simultaneousnulti-analytedetectionis intended For simul-
taneougmnulti-analytedetection,the electrodesn the array
are normally individually addressabl¢o pave the way for



fine-tuningthesensitvity andselectvity of eachelectroden
thearrayto a particularanalyte(Oni et al., 2004;Castillo et
al.,2004.

The developmentof electrodeson which cells could be
grown directly is a major steptowards achieving the goal
of obtainingelectrodedor direct applicationin biological
ervironmentsRecenattemptatgroning NO-releasingells
on the surfaceof electrodearrayswere successfulput the
highworking potentialfor the detectionof NO releasdedto
thedeathof thecellsmakingit difficult, or betterimpossible
to detectNO releasdrom thecells (Oni etal., 2004.

In this study an arrayof Pt-tipmicroelectrodesvas fabri-
catedusingsiliconanisotropietchingandathick-photoresist
processallowing cellsto begrown in the“valleys” between
theelectrodesilt is only theupperpartof thetip thatis (con-
ducting),therestof the structureis insulated.The growth of
cellsonthe*valleys” preventedadirectcontactof cellswith
theelectroactie tip of the spike, therebyavoiding cell death
andmalesthe detectionof the releaseof NO from the cells
possiblefollowing stimulationwith theappropriateagent.

2. Materials and methods
2.1. Chemicals

Hank's buffer (pH 7.4) was usedin this study It waspre-
paredfrom NaCl,KCI, NaH,PQy, MgCl,, CaCb, NaHCG;,
glucose,HEPEShuffer (all from Riedel de-Haen,Seelze,
Germayry), aminine (from Sigma, Steinheim, Germary).
Nickel tetrasulfonat@hthaloganinetetrasodiunsalt, KOH,
HF, N, -nitro-L-arginine methylester(L.-NAME, a nitric ox-
ide synthasenhibitor) andbradykininwerepurchasedrom

Si3N4

Aldrich (SteinheimGermary). Siliconwaferswereobtained
from Wacler Siltronic (BurghausenGermary).

2.2. Electiodearray prepaation

Thefabricationprocessvas describedn detailelsavhere
(Thiebaudetal., 1999. Briefly, the silicontips areetchedn
KOH solutionandthenthe bottom Si3N4 passvation layer
is deposited.This is followed by the evaporationof Ta/Pt
layersthat are patternedby a lift-off processto definethe
electrodesconnectindeadsandbondingpads.Thetop pas-
sivationlayerof siliconnitrideis depositecandopenedising
thick-photoresistechnologyand plasmaetching,exposing
the Pt on the upperpart of the tip andthe bondingpads.A
SEMimageof oneelectrodeanda schematiagepresentation
of its cross-sectioareshavn in Fig. 1 Theirregularfeatures
atthetip bottomoriginatefrom the anisotropicetchingpro-
cessThey consisof superimpose8i/SkN4/Pt/SgNy4 layers.

2.3. Electodesurfacemodification

The sensitvity of the electrodearray towardsnitric ox-
ide was improved by modificationwith nickel tetrasulfonate
phthaloganinetetrasodiunsalt, a well establishedlectro-
catalystfor the oxidationof nitric oxide (Pereira-Rodrigues
etal.,2002;Pailleretetal., 2003.

2.4. Instrumentation

Petite ampere potentiostats(BAS Instruments, West
Lafayette,USA) were usedfor the amperometricetection
of nitric oxidereleasedy adherentlygronving HUVEC ata
constantvorking potentialof 750mV versusAg|AgCl.

Fig. 1. Scanningelectronmicroscopemageof onetip electrodeof anarrayanda schematigepresentatioof its cross-section.



2.5. Detectionof nitric oxidereleasdromcells

Humanumbilical vein endothelialcells (HUVEC) were
platedonthearraychipsin adensityof 2 x 10° cellsperelec-
trodearrayin RPM-1641supplementedith 10%foetalcalf
serumat37°Cin 10%CO, atmosphereTheelectrodearray
was withdrawvn from the incubatorandthe growth medium
was carefully replacedwith Hank’s buffer solution,pH 7.4.
Thenthe electrodesvereconnectedo petiteamperepoten-
tiostatsand a potentialof 750mV was appliedto the elec-
trodes.Whena stablebackgrouncturrentwas obtained the
releas®f nitric oxidewas stimulatedy theadditionof 20 L
bradykininsolution(80nM). For controlexperimentsnitric
oxide synthasewas inhibited by addingN,,-nitro-L-arginine
methylester(L-NAME) to thecell culture.

3. Resultsand discussion
3.1. Designof theelectiodearray

Previous work hasshawn thatthe prolongedapplication
of a potentialof 750mV to cellsgrown directly on anarray
of electrode$edto thedeathof thecells(Onietal.,2004. To
overcomethis problem cellswerethengrown on Cellagef?
membraneshat could be insertedinto the electrochemical
cellin orderto avoid thedirectcontactbetweertheelectrode
surfaceandthecells.Whilethisapproaclpreventeccelldeath
aservisaged,it is not a completelysatisfctory solutionin
thatthe membranentroducedan additionaldiffusion layer
into thepathof nitric oxideonits way fromthesecretingells
to the sensorsurface.Thus,the electrodearrayemployedin
this studywas designedo accommodatthedirectgrowth of
cells on the chip surfaceand concomitantlyto allow for an
applicationof the appropriatevorking potentialto the elec-
trodewithoutadwerselyaffectingthecellsorwithoutthecells
affectingtheintegrity of themodifierontheelectrodesurface.
Also, additionaldiffusionalproblemsposedby theintroduc-
tion of amembranéo the diffusionpathof nitric oxidefrom
theNO-releasingellsto the detectorcanbe circumvented.

The individually addressablelectrodesof an electrode
arrayhave the additionaladwantagethatthe individual elec-
trodescanbe combinedthusallowing to improve the detec-
tion limit andthe sensitvity of the NO detection.A SEM
image of the electrodearray is shovn in Fig. 2a while a
schematicrepresentatiorof the relative positionsof cells
grown directly on the chip surfacearoundthetip electrodes
andtheactive surfacesf anindividual electroddn thearray
is shavn in Fig. 2b.

Eachelectroderrayconsistof 16individually accessible
electrodesrrangedn four rowswith 14 electrodeipsbeing
connectedo contactpadson the printed-circuitboard on
whichthechipis gluedandpacled by meansf epoxyglue.
Theelectrodesn eachrow are300p.m apartwhile therows
arel70pmapartThewideseparatiotetweertheelectrodes
in therows andcolumnsis to preventneighboringelectrodes

from interferingby diffusive coupling,andto provide ample
spacefor the cellsto be grown on the array The individual
electrodesretip-shapedvith atotal heightof about40um,
andtheelectroactie top partof thetipsis aboutl7 um long.
The “valleys” betweenthe tip-shapedndividual electrodes
provide enoughroom for cellsto be grown directly around
theelectrodegseeFig. 2b).

3.2. Cell survivalon electodearrays

It is of utmostimportancehatthematerialwith whichthe
electrodearray was constructeds biocompatible The bio-
compatibility of the microelectrodearray with cell growth
andsurvival wasinvestigatedy seedinghecellsandgrow-
ing them directly on the microelectrodearray Cells were
foundtogrow well onthissurfaceusingstandardaell viability
(apoptosisjestsFig. 3shavsopticalmicroscopemagesof a
HUVEC-modifiedelectrodearrayin bright-fieldillumination
to visualizethe tip electrodegFig. 3a) andthe immunog-
tochemistryfluorescencémageshawing the cytoskeletonof
thecellsafterstainingwith phalloidine(Fig. 3b). Apartfrom
the visible densepopulationof cellsin Fig. 3b, the tips of
theindividual electrodesanbe seenprojectingbeyondthe
planeof thecellsgrown onthewafer Thecirclein Fig. 3b is
usedto markthetip of anindividual electrode.

3.3. Electodesurfacemodification

Dueto thelow concentratiorof nitric oxidein biological
systemselectrodesurfacemodificationfor improved sensi-
tivity is required Theelectrodesn thearraywereselectvely
modifiedwith a well establishedhitric oxide sensingchem-
istry (Pereira-Rodriguest al., 2002; Pailleret et al., 2003
basedon the electrochemicallynduceddepositionof nickel
tetrasulfonatephthaloganine tetrasodiumsalt onto the in-
dividual electrodesurfaces.The relatedcyclic voltammetry
recordedduring the electrochemicatiepositionof the cata-
lyst layeris shavn in Fig. 4a. Theformationof afilm of this
phthaloganineon the electrodesurfaceis indicatedby the
appearancandincreasén thepeakcurrentoftheanodicand
cathodicsignalsat420and580mV versusAg|AgCl (Pereira-
Rodriguesetal., 2002;Pailleretetal., 2003. Themolecular
structureof nickel tetrasulfonatphthaloganinetetrasodium
saltis shavn asaninsetin Fig. 4a.

The modified electrodewas characterizedy recording
its cyclic voltammetryin 5mM solutionof [Ru(NH3)e]Cl3
in 0.1M KCI aselectrolyte.The unmodifiedelectrodeonly
shavedtheredoxcurrentdueto Ru*H/Ru?+ couple(Fig. 4b,
curve i). An additional redox couple, superimposedon
RU*/RUZT was obsened on the phthaloganine modified
electrode(Fig. 4b, curve ii), which can be attributed to a
differencein the surfacesof the modified and unmodified
electrodejargely dueto the electrodepositefilm of nickel
tetrasulfonatephthaloganine tetrasodiumsalt. The cyclic
voltammogramatthebareelectroddip shovsthetypical Ru
(1N/Ru (I1) reductionvave asexpectedor amicroelectrode.
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Fig. 2. (a) SEMimageof the microstructureclectrodearrayand(b) schematicepresentationf therelative positionsof cellsgrown directly ontheelectrode

arrayandtheactive surfacesof theindividual electrodeips in thearray

On the Ni phthaloganine modified electrodesurface this
voltammetricwave is nearly unchangedhowever, at more
negative potentialgheNi redoxwave is overlayingontop of
the diffusion-limited Ru (l11) reductioncurrent.The reduc-
tion processn theNi phthaloganinelayeris obviously slow
probablydueto counterions movementwhile the oxidation
wave is fastandthe shaperepresentatie for anadsorbedr
surfaceboundspecies.

3.4. Detectionof nitric oxidereleasdromadheently
growingcells

Having successfullycompletedthe preliminary stepsof
electrodefabrication, electrode surface modification and
growing cellsontheelectrodearray thereleaseof nitric ox-
ide from endotheliakellsgrown directly onthe chip surface
of the electrodearray was detectedafter stimulationwith

bradykinin.A constanpotentialof 750mV versusAg|AgCI
wasappliedtotheelectrodesastablebackgroundurrentwas
establishe@ndbradykinin(20 L, 80nM) was carefullyin-
jectedinto the dropletof buffer solution(300uL) above the
cells,simultaneouslynonitoringthechangesn currentwith
time. A representatie current—timeplot recordeds shovn
in Fig. 5. The tracesshownn in Fig. 5 were recordedwith
14 of the electrodesn the array which were divided into
two parts(a) and (b) with eachpart consistingof 10 and4
electrodesiespectiely. Eachpartwas connectedo a poten-
tiostatusingthesamereferenceandcounterelectrodeTrace
(a) correspondgo the currentresponsdrom 10 combined
modified tip electrodeswhile trace (b) correspondgo the
currentsignalsrecordedfrom only 4 combinedtips. These
current—timetracesare similar to thoserecordedearlierfor
thedetectiorof nitric oxidefrom endotheliatellsusingposi-
tionedmodifiedmicrodiskelectrodegDiab etal.,2003;0ni



Fig. 3. Immunocytochemistry picture of HUVECs growing on the microarray. The cells were stained with phalloidine in order to visualize thetoytoskele
of the cells. (a) Bright-field microscopy image for visualization of the electrodes and (b) fluorescence microscopy image showing the cytoskeleton of
adherently growing cells. Circles were used to indicate the positions of a particular electrode in both images.
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.30 etal., 2003. Obviously, usingthe modifiedtip electrodesn
thearrayandthepossibilityto interconnecvariablenumbers
-40 of theindividually addressablelectrodetips, the releaseof
- nitric oxide from differentsitesof the chip surfacecanbe
’ explored. As a matterof fact, it would be advantageouso
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-0.6 -0.4 0.2 0.0 0.2 0.4 relatedcalibrationcurves for NO. However, sincethe NO
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by the distancebetweerthe releasingcells andthe sensors,
Fig. 4. (a) Repetitive cyclic voltammograms recorded during the electro- possiblesidereactiondik e reactionof NO with oxygen,and
chemical deposition of nickel tetrasulfonate phthalocyanine tetrasodium salt the establishmenof acomple diffusionprofilein thevicin-
onto_the electrode surface. Its molecglar structure is shqwn as an inset. (b)ity of the cells, it is to our opinion not possibleto correlate
Cyclic voltammograms of 5 mM solution of [Ru(Nf]Cl3 (in 0.1 M KCI heob dNO oxidati ith th INO
as electrolyte) recorded with (i) unmodified Pt microelectrode and (ii) Pt theo S_er‘e oxidationcurrentswitn t egc’;ua con-
microelectrode on which nickel tetrasulfonate phthalocyanine tetrasodium Centration.Even more,the local concentrationis correlated

salt has been deposited. with the numberof cellsreleasingNO in thevicinity of the



tip electrodesThus,calibrationgraphsin homogeneouso-
lutions do not give ary valid correlationwith the comple
concentratiorgradientsestablishedafter stimulatedrelease
of NO from thecells,andhencecurrent—timeplotswereused
to representhe obtainedresults.However, it is obviousthat
thesecurrent—timeplots are concentratiordependentsince
thecurrentobtaineds dependendbnthenumberof connected
electrodetips. Futurework is directedat developinga suit-
able multi-potentiostatsystemwith sufficient sensitvity to
detectsimultaneousiithe NO releaserom knowvn areasof
the cell-modifiedchip surface.

Contrarytotheearlierobsenationof celldeathmadevhen
theworking potentialof 750mV was appliedto theelectrode
on which cells were seedecandgrown directly, and conse-
guentlyno detectionof productsof cellularactivity couldbe
madejt was possiblgo detecthereleasef nitric oxidefrom
cells grown aroundthe electrodearrayin this study This is
largely dueto the factthatthe cellswerenot grown directly
ontheactive electrodesurfacewithin the Debyelayerof the
potentialdrop wherethe appliedpotentialcanbe passedo
thecell, thuspotentiallycausingcell death Insteadthecells
were grown aroundthe insulatedbaseof eachelectrodein
thearraywith the electroactie tip of the electrodebeingfar
aborethecell populationthuspreventinga directcontactof
thetip with cells.Apartfrom thefactthattheelectrodearray
preventedcell death,it alsoeliminatedthe problemsof NO
diffusionintroducedby growing cellsonamembraneWhen
cellsaregrovn onamembranéhatis locatedatacertaindis-
tancefrom the electrode the specieseleasedrom the cell
will notall diffusedownwardstowardsthe electrodesurface
for detectionBut onemayarguethatthebulk concentration
will bethe sameaftera shortwhile. This is only tenablein
casewherethespeciedeingdetecteds not sensitve to the
ambientervironmentalconditions.In a caselik e the detec-
tion of nitric oxide, a uniform bulk concentratiorcondition
will never be achieved becausef its instantaneouseaction
with oxygen.
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Fig. 6. Current-timeplotthatshavedno nitric oxidereleasavhenendothe-
lial cells were first incubatedwith the nitric oxide synthaseinhibitor 1-
NAME.

Control experimentswere performedto confirmthatthe
tracesshown in Fig. 5 aredueto the detectionof the nitric
oxide releasedrom the cells, aroundthe electrode at the
electrodesurface. The detectionexperimentwas repeated
with cells that were incubatedwith a nitric oxide synthase
inhibitor, N, -nitro-L-arginine methyl ester(L-NAME). The
additionof bradykininto thecellsdid notresultin measurable
currentsignalsasshowvn in Fig. 6.

Thisunequvocallyconfirmsthatthecurrentsignalsshavn
in the tracesin Fig. 5 aredueto the oxidation of the nitric
oxide releasedy the cells aroundthe electrodearray This
arrangemenfor thedetectiorof specieproducediueto cel-
lular actwities canfind widespreadpplicationin in situdrug
anddrugdeliverytestsoncells,eliminatingtheoften-tedious
procedureof complex separatiorstepsbeforeanalysis.

4. Conclusion

A microelectrodarrayconsistingof individually address-
abletip-shapectlectrodewith atotal heightof 40 um andan
exposedPtsurfaceatthetop of thetip with aheightof about
15um. This electrodeconfigurationallowed for the direct
growth of cellsonthe areaoccupiedby the electrodeswith-
out makingcontactswith theactive electrodesurface hence
protectingthe adherentlygrowing cells from theimpactin-
ducedby theworking potentialappliedto thetip electrodes.
The electrodesof the array were modified with a layer of
Ni phthaloganinefollowing an electrochemicallyinduced
depositionscheme and thus the modified electrodeswere
subsequentlegmployed to detectthe releaseof nitric oxide
from adherentlygrowing endothelialcells uponstimulation
with bradykinin.This processasnot beenpossiblethusfar
becauseof cell deathoccasionedy a prolongedand con-
tinuousapplicationof the ratherhigh working potential of
750mV to thecellswhenthey aresituateddirectlyontheac-
tive surfaceof theelectrodeThisnew electrodedesigroffers
muchfuture promisefor facilitatingdrugscreeningests.
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